Abstract
and improve the design of strategies for insecticide resistance management. Table 1 . Non-synonymous nucleotide variation in the voltage-gated sodium channel gene. AO=Angola; BF=Burkina Faso; GN=Guinea; CM=Cameroon; GA=Gabon; UG=Uganda; KE=Kenya; GW=Guinea-Bissau; Ac=An. coluzzii; Ag=An. gambiae. Species status of specimens from Kenya and GuineaBissau is uncertain [19] . All variants are at 5% frequency or above in one or more of the 9 Ag1000G phase 1 populations, with the exception of 2,400,071 G>T which is only found in the CMAg population at 0.4% frequency but is included because another mutation (2,400,071 G>A) is found at the same position causing the same amino acid substitution (M490I); and 2,431,019 T>C (F1920S) which is at 4% frequency in GAAg but also found in CMAg and linked to L995F.
Introduction

Variant
Population allele frequency (%) 1 Position relative to the AgamP3 reference sequence, chromosome arm 2L. Variants marked with an asterisk (*) failed conservative variant filters applied genome-wide in the Ag1000G phase 1 AR3 callset, but appeared sound on manual inspection of read alignments. 2 Codon numbering according to Anopheles gambiae transcript AGAP004707-RA in geneset AgamP4.4. 3 Codon numbering according to Musca domestica EMBL accession X96668 [9] . 4 Location of the variant within the protein structure. Transmembrane segments are named according to domain number (in Roman numerals) followed by 'S' then the number of the segment; e.g., 'IIS6' means domain two, transmembrane segment six. Internal linkers between segments within the same domain are named according to domain (in Roman numerals) followed by 'L' then the numbers of the linked segments; e.g., 'IL45' means domain one, linker between transmembrane segments four and five. Internal linkers between domains are named 'L' followed by the linked domains; e.g., 'LI/II' means the linker between domains one and two. 'COOH' means the internal carboxyl tail. suggesting that they are providing some selective advantage in the presence of insecticide indicates that two alleles are in perfect linkage, meaning that one of the alleles is only ever found in combination with the other. Conversely, a value of -1 indicates that two alleles are never found in combination with each other. The bar plot at the top shows the frequency of each allele within the Ag1000G phase 1 cohort. See Table 1 (labelled S1-S5).
178
To further investigate genetic backgrounds carrying resistance alleles, we used the Median joining network for haplotypes carrying L995F (labelled F1-F5) or L995S variants (S1-S5) with a maximum edge distance of two SNPs. Labelling of network components is via concordance with hierarchical clusters discovered in [19] . Node size is relative to the number of haplotypes contained and node colour represents the proportion of haplotypes from mosquito populations/species -AO=Angola; BF=Burkina Faso; GN=Guinea; CM=Cameroon; GA=Gabon; UG=Uganda; KE=Kenya. Non-synonymous edges are highlighted in red and those leading to non-singleton nodes are labelled with the codon change, arrow head indicates direction of change away from the reference allele. Network components with fewer than three haplotypes are not shown.
for non-hierarchical relationships between haplotypes, which may arise if recombination 183 events have occured between haplotypes. We constructed the network up to a maximum 
207
The F4, F5 and S2 groups each contained haplotypes from both Cameroon and Gabon.
208
The S3 group contained haplotypes from both Uganda and Kenya. The haplotypes 
217
A limitation of both the hierarchical clustering and network analyses is that they rely on 218 genetic distances within a fixed genomic window from the start to the end of the Vgsc gene. 
Cross-resistance between pyrethroids and DDT
283
The VGSC protein is the physiological target of both pyrethroid insecticides and DDT [4] .
284
The L995F and L995S alleles are known to increase resistance to both of these insecticide However, we did not find any systematic difference in the extent of haplotype homozygosity 302 between these two alleles, suggesting that both alleles have been under selection over a 303 similar time frame. We did find some significant differences in haplotype homozygosity [33] could scale to tens of thousands of mosquitoes at low cost and could be implemented 386 using existing platforms in national molecular biology facilities. Figure 5 . Informative SNPs for haplotype surveillance. a, Each data point represents a single SNP. The information gain value for each SNP provides an indication of how informative the SNP is likely to be if used as part of a genetic assay for testing whether a mosquito carries a resistance haplotype, and if so, which haplotype group it belongs to. b, Number of SNPs required to accurately predict which group a resistance haplotype belongs to. Each data point represents a single decision tree. Decision trees were constructed using either the LD3 (left) or CART (right) algorithm for comparison. Accuracy was evaluated using 10-fold stratified cross-validation.
Supplementary Table 3 which lists all 8,297 SNPs found within the Vgsc gene and up to 397 10 kbp upstream or downstream, which might need to be taken into account as flanking 398 variation when searching for PCR primers to amplify a SNP of interest. To provide some 399 indication for how many SNPs would need to be assayed in order to track the spread of 400 resistance, we used haplotype data from this study to construct decision trees that could 401 classify which of the 12 groups a given haplotype belongs to ( Figure 5 ). This analysis 402 suggested that it should be possible to construct a decision tree able to classify haplo-403 types with >95% accuracy by using 20 SNPs or less. In practice, more SNPs would be 404 needed, to provide some redundancy, and also to type non-synonymous polymorphisms in 405 addition to identifying the genetic background. However, it is still likely to be well within 406 the number of SNPs that could be assayed in a single multiplex via amplicon sequencing.
407
Thus it should be feasible to produce low-cost, high-throughput genetic assays for tracking and filtering of variants with attributes that were correlated with Mendelian error in ge-434 netic crosses.
435
The Ag1000G variant data was functionally annotated using the SnpEff v4.1b soft- than AGAP004707-RA were found to be above 5% frequency in any population.
446
For ease of comparison with previous work on Vgsc, pan Insecta, in Table 1 
454
Haplotypes for each chromosome of each sample were estimated (phased) using using Bars show the inter-quartile range, fliers show the 5-95th percentiles, horizontal black line shows the median, notch in bar shows the 95% bootstrap confidence interval for the median. Haplotypes F1-5 each carry the L995F resistance allele. Haplotypes S1-5 each carry the L995S resistance allele. Haplotype L1 carries the I1527T allele. Haplotype L2 carries the M490I allele. Wild-type (wt) haplotypes do not carry any known or putative resistance alleles.
